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Abstract

Greenhouse experiments have been carried out to study the genotypic variation among 35 bean (Phaseolus vul-
garis L.) genotypes with regards to tolerance to zinc (Zn) deficiency (Zn efficiency). Plants were grown for 45 days
in Zn deficient soil supplemented with 0 or 5 ;1g Zn g~! soil) and analyzed for Zn efficiency, plant Zn concentration
and content, and the distribution of Zn between old and young parts of the shoot. Zn efficiency (ZE) was defined
as the ratio of dry matter production at low and high Zn supply and was calculated for the whole shoot as well as
for young and old parts of the shoot. There were marked differences in ZE among the bean genotypes. Genotypes
G4449 and G11360 were about 2-fold and 10-fold more Zn-efficient than G11229 and G3871 in whole shoot and
young-part based ZE, respectively. Interestingly, the older portions of the shoot for most genotypes had higher
dry matter production under Zn deficiency than under sufficient Zn supply, suggesting that there was a significant
inhibition of new shoot growth and transport of photosynthates from source to sink organs under low-Zn conditions.
Zinc concentrations of both old and young portions of the shoot did not correlate with ZE, but shoot Zn content was
found to be significantly correlated with ZE. Furthermore, Zn-efficient genotypes distributed more Zn into young
parts of the shoot under Zn-deficient conditions than did the inefficient lines. Variation in seed Zn content did not
significantly influence the determination of ZE. We concluded that there is a substantial variation in Zn efficiency
in the bean genome, and ZE based on analysis of the young shoot tissues represents a suitable screening technique
for the evaluation of ZE in low-Zn soils.

Introduction

Zinc deficiency is a global nutritional problem in crop
production. Thirty per cent of the world soils are Zn
deficient, including many agricultural lands in Turkey,
India and Australia (Cakmak et al., 1999; Hacisaliho-
glu and Kochian, 2003; Rengel, 2001). Correction of
Zn deficiency via fertilization is not always the ideal
solution because of the influence of agronomic and
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economic factors including reduced Zn availability in
dry topsoil, subsoil constraints, disease interactions,
and the high relative cost of fertilizer in develop-
ing countries (Graham and Rengel, 1993). Therefore,
identification and cultivation of Zn-efficient genotypes
that could use soil or tissue Zn efficiently is a real-
istic alternative to Zn fertilizer application in some
edaphic environments. Differential ZE has been repor-
ted in several crop species including common bean
(Phaseolus vulgaris L.) (Ambler and Brown, 1969;
Singh and Westermann, 2002) and wheat (Cakmak
et al., 1997; 1998; Rengel and Rombheld, 2000). Des-
pite its complexity, there is substantial interest in ZE.
Understanding the mechanisms of ZE can greatly con-
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tribute to the selection and breeding of genotypes with
higher tolerance to Zn-deficient soils. Some progress
has been made in understanding the physiological and
biochemical mechanisms of this trait (Cakmak et al.,
1998; Erenoglu et al., 1999; Grotz et al., 1998; Hacisa-
lihoglu and Kochian, 2003; Hacisalihoglu et al., 2001,
2003a, b; Kochian, 1991; Rengel, 2001; Welch, 1995).
However, most of these studies have been conducted
using cereals, especially wheat. Studies with bean are
less common and carried out using only a few geno-
types. Therefore, we studied beans using 35 genotypes
to collect more reliable information on the extend of
genotypic variation in ZE. Development of new bean
genotypes with both high tolerance to soil-Zn defi-
ciency conditions and high concentrations of seed-Zn
is of high priority because Zn deficiency is a global
nutritional problem in soils and human beings (Welch
and Graham, 2002; Cakmak, 2002).

Common bean (Phaseolus vulgaris L.) is an im-
portant staple food crop with a short growing cycle
known to be highly sensitive to Zn deficient soils
especially under high light intensity (Marschner and
Cakmak, 1989). Previous studies have shown that cer-
tain bean varieties differed in their tolerance to low Zn
supply (Viets et al., 1954; Judy et al., 1965; Moraghan
and Grafton, 1999). Polson (1968) found that Saginaw
(Zn-efficient) and Sanilac (Zn-inefficient) were valu-
able navy bean genotypes for studying high-Zn or
low-Zn stress tolerance. Very recently, Singh and
Westermann (2002) reported that a single dominant
gene determines the expression of high tolerance to
Zn deficiency in common bean when grown under low
soil-Zn conditions. Moreover, Moraghan and Grafton
(1999) compared the growth and seed-Zn accumula-
tion of four bean cultivars. They reported that seed-Zn
content could be used as an important indicator for
selecting Zn-efficient bean genotypes. In studies with
wheat cultivars, it was found that shoot-Zn concen-
trations are not a reliable parameter for screening
genotypes for ZE, but genotypic differences in Zn
translocation capacity from older into younger organs
may be an important factor in the expression of high
ZE (Torun et al., 2000).

The objectives of this study were: (1) to character-
ize the genotypic variability of the Zn efficiency trait
in common bean, (2) to identify the most Zn-efficient
and —inefficient bean genotype(s) to be used in further
genetic studies, (3) to determine the role of concen-
tration and distribution of Zn in old and young shoot
parts in the expression of differential ZE, and (4) to

examine the contribution of seed mass and seed-Zn
concentration to differential ZE.

Materials and methods

Seeds of the common bean genotypes (Phaseolus vul-
garis L.) used in the present study were obtained from
Drs M. Blair and S. Beebe (CIAT), Dr D. Garvin
(USDA-ARS, University of Minnesota) and Dr J.
Kelly (Michigan State University). To understand the
role of seed-Zn concentrations in expression of Zn
efficiency, Zn concentrations of bean seeds were de-
termined after digestion of dry seeds in concentrated
HNOj3 overnight at 120 °C followed by further diges-
tion in HNO3: HC1Oy4 (1:1, v/v) at 220 °C. The digest-
ate was diluted with 5% HNO3 and analyzed for Zn
via simultaneous inductively coupled argon-plasma
emission spectrometry (ICAP 61E Trace analyzer,
Thermo-Jarrel Ashe, Franklin, MA, U.S.A)).

Plants were grown in a greenhouse in Adana, Tur-
key from October until mid December, 2002. The
temperature within the greenhouse was 25 + 2 °C dur-
ing the day and 19 4+ 2 °C during the night. Plants
were grown under natural day length and light intens-
ity. Growth conditions were as described in Cakmak
et al. (1997) with some modifications. Briefly, five
seeds were sown in plastic pots filled with 2.2 kg of
Zn-deficient soil from the Central Anatolia region in
Turkey. The soil characteristics were: pH 8.0, CaCO3
149 g kg~!, organic matter 7 g kg~!, and DTPA-
extractable concentrations of Fe, 2.2 ug g_l; Mn,
3.6 ug g~!; Cu, 0.7 ug g1, and Zn, 0.09 pug g~ .
Plants were grown in a greenhouse at two soil-Zn
levels [low Zn (—Zn = 0) and adequate Zn (+Zn =
5 ug g~ 1] supplied in the form of ZnSOy together
with a basal treatment of 200 ug g_l N, as Ca(NO3);
and 100 ug g_l P as KH,PO4. After emergence,
plants were thinned to three seedlings per pot and
watered with deionized water daily, and all pots were
randomized every five to six days. Visual Zn defi-
ciency symptoms were seen 25 to 30 days after plant-
ing to Zn-deficient soils. Following 45 days of growth,
shoots were harvested, and separated into young and
old parts. Old parts represent primary leaves and stem
parts below the primary leaves; the rest of shoot was
designated as young part. After harvesting, plant tis-
sues were dried at 70 °C for 2 d, weighed, ground,
dry-ashed at 500 °C; the ash was dissolved in 3.3%
HCI, and analyzed for Zn by ICP-AES (Jobin Yvon,
Paris). Zinc efficiency (ZE) was calculated for the



whole shoot, old parts and young parts of shoots by
considering their dry matter yield as follows:

ZE (%) = [dry matter yield at —Zn/dry matter

yield at +Zn] x 100

The experiments were set up in a complete ran-
domized design with four replicates, and the vari-
ation within means is presented as the standard error.
Results were analyzed by analysis of variance using
seed-Zn as a covariate (ANCOVA) to eliminate exper-
imental error due to differences in seed-Zn content.
The differences between means were compared by the
Tukey’s Honestly Significant Differences (HSD) test
at the 5% level of probability.

Results
Zn-deficiency symptoms

Zinc deficiency symptoms, such as interveinal
chlorosis on older leaves, shortening of internodes
and stunting of plants, appeared as early as 25 to
30 days in plants grown without Zn supplied. Bean
genotypes showed marked differences in the severity
of visual symptoms displayed. The symptoms were
particularly severe in the genotypes G11229, G3871,
G734 and G18249, and very slight on other genotypes
such as G4449, G11360, G753 and G9975 under Zn
deficiency conditions. At adequate Zn supply (5 ng
Zn g~ ! soil), all bean genotypes grew well without the
occurrence of visible symptoms.

Dry matter production and Zn efficiency

As expected, adequate Zn supply (4+Zn) enhanced
whole shoot dry matter production of bean genotypes
compared to plants grown under low-Zn conditions,
with exception of the genotype G4449 (Table 1). In
all Tables, the genotypes are arranged in order of
their ZE (from highest to the lowest), based on whole
shoot dry weight (Tables 1, 2, 3, 4, and 5). The
growth of G4449 was not affected by Zn supply in-
dicating very high tolerance of this genotype to the
Zn deficient soil. When only young parts of genotypes
were considered, there were marked differences in dry
matter production between genotypes under Zn defi-
ciency (Table 1). Most of the Zn-inefficient genotypes
showed decreases in dry matter production of young
parts caused by Zn deficiency. These differences were
4- to 10-fold in magnitude, but in most of the Zn-
efficient genotypes these differences were less than
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Figure 1. Least squares means (LSMEANS) of Zn efficiency (ZE)
of 35 bean genotypes grown for 45 d in Zn-deficient soil with
(+Zn= 5 png Zn gfl soil) and without (—Zn= 0) Zn supply. (A)
young shoot part ZE, (B) old shoot part ZE, and (C) whole shoot
ZE. LSMEANS were obtained from analysis of covariance using
seed Zn content as covariate to minimize the effect of seed Zn on
ZE. Vertical bars represent standard error, n = 4. Genotypes are
listed in order of ZE.

2-fold (Table 1). Interestingly, in all genotypes (except
A686) dry matter yield of old parts was greater under
Zn deficiency (Table 1). These results may indicate
inhibition of photosynthate transport from source to
sink tissues resulting from Zn deficiency. The geno-
typic ZE (as a %; calculated by dividing dry matter
yield measured for —Zn plants by that found for +Zn
plants) showed a very large variation between geno-
types, particularly in the case of young genotype parts
(Table 1; Figure 1A-C). The ZE varied between 8.4%
(G3971) to 89.6% (G4449) for young parts and from
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Table 1. Dry matter values of whole shoot, young and old shoot parts of 35 bean genotypes grown for 45 d in Zn-deficient

soil with (+Zn= 5 pug Zn g_1

soil) and without (—Zn= 0) Zn supplied. Data are presented as means+SE, n = 4

replicates. All genotypes are ranked according to their whole-shoot ZE

Genotype Whole shoot Young part Old part
—7Zn +Zn ZE —7Zn +Zn ZE —7Zn +7Zn ZE
(mg plant™") (%) (mg plant™ 1) (%) (mgplant™") (%)
1. G4449 1266 £86 1240+ 111 102 598 £95 667 £60 89.6 669+ 13 57352 117
2. G11360 1386 £ 61 1511 +146 91.8 607 £26 859 + 101 70.7 779 +£37 651 +47 120
3. GI12778 1184 £ 103 1376 £ 106 86.1 585+79 875+ 103 66.8 599 +31 500+30 120
4. G753 912+55 1065+£163 85.6 262+56 596 £ 158 43.8 650+43 468 +30 139
5. G9975 1443 £10 1690 +202 854 590+£12 1130+159 52.2 854 +21 560+52 153
6. NBS585 1029 £23 1207 £ 77 85.3 428 £21 859+42 49.8 601+7 347+35 173
7. LRK31 1330 £43 1566 £ 115 849 566+46 913109 62.0 763 +£21 653+12 117
8. G3645 848 =70 1001 £208 84.7 306+52 561 £109 54.5 542 +24 440438 123
9. G5285 1196 £ 102 1418 +48 84.3 492 +45 782+86 629 703+58 636+39 111
10. G3096 1096 £48 1311+73 83.6 407 £21 821+67 49.6 689+44 490+8 141
11. G22415 1337 £ 168 1602 +221 83.5 493+£76 904 +128 54.5 845+ 117 698 £92 121
12. G19048 1158 £48 1395 +47 83.0 509+16 771+41 660 649+37 624+11 104
13. G19142 766 + 144 929 £225 824 250+ 63 534+ 176 46.8 516+ 101 395+57 131
14. G21242 1206 £95 1465 +197 823 527+£112 903 +158 58.3 679+17 562+40 121
15. Ica Pijao 906 + 105 1192 £165 76.0 296+62 752 £130 394 609+ 63 441+46 138
16. G11708 1318 £ 131 1734 + 11 76.0 569 £89 1048 +6 542 749+43 685+2 109
17. G11350 996 + 51 1313 +97 759 392+38 873 +35 449 604 +44 441 +£98 137
18. DR Kid 1060 £ 14 1402 + 40 75.6 385+99 909 £48 424 675+90 493+44 137
19. G169 1064 £24 1412+79 754 434+£22 90365 48.1 63037 509+14 124
20. G2606 955+ 68 1278 £135 747 390+36 906 £ 104 43.0 566 +35 372+36 152
21. G7843 720 + 91 967 + 77 74.5 133 +28 591 +£67 225 58771 37612 156
22. G16130 1238 £32 1669 + 181 742 531+4 1063 £132 499 707 +27 605+58 117
23. G10060 1000 £78 1455+ 136 68.7 261 £ 65 923 £ 118 283 739+ 14 533 +35 139
24. BAT93 701 £24 1022 £ 67 68.6 261 £ 51 663 £40 39.3 441+35 359429 123
25. A686 823 +69 1222 +60 67.3 377+£36 766 +36 492 446+39 456+24 98
26. G87 825+34 1246 £105 66.3 342448 879 48 38.9 483+51 367+59 132
27. Saginaw 692 +38 1065+109 65.0 319+5 775+£96 41.1 373+42 290413 129
28. G1934 832+41 1332+£175 625 242423 877+ 132 27.6 590+£23 455443 130
29. G11656 707 £76 1190 £ 81 59.4 283+70 879 +90 322 424+18 311421 137
30. G5034 1027 £86 1739+ 135 59.1 294 +£47 1091 +104 269 733+45 648+36 113
31. G18249 807 +£92 1375+£162 58.7 214466 849 + 141 252 594 +30 526+26 113
32. Sanilac 565+9 970 + 28 58.2 230+7 686 £28 33.5 335+8 284+ 16 118
33. G734 750 £22 1372 £ 60 54.6 219+ 13 931 +£39 235 531£16 441430 120
34. G3971 484 £50 978+64 495 53+£12 627147 8.4 4324+44 351421 123
35. G11229 485+£93 1138+157 426 70+£35 798 £ 113 8.8 414+58 340+56 122
Tukey’s HSDq o5 247 417 36 176 331 35 154 337 51

42.6% (G11229) to 102% (G4449) for whole shoot. In
the case of old genotype parts, ZE values were above
100%, except for genotype A686 (Table 1).

Zn concentration and content

The Zn concentrations in young and old parts of the
shoot of —Zn plants were very low, ranging from 5.5 to
7.3 pg/g for young parts and from 6.0 to 11.5 ng/g for
old parts (Table 2). Overall, Zn deficiency decreased
shoot Zn concentrations 80% in old parts and 60% in
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Table 2. Shoot-Zn concentrations of 35 bean genotypes grown for 45 d in Zn-deficient soil
with (+Zn= 5 pug Zn g_1 soil) and without (—Zn= 0) Zn supplied. Data are presented as
means £ S.E., n = 4 replicates. All genotypes are ranked according to their whole-shoot ZE

Genotype —Zn +Zn
Young part  Old part Young part  Old part
ZE% ngZn g_1
1. G4449 102 6.93+0.64 7.80+246 2354281 21.7+£1.92
2. G11360 92 547+£046 7184035 31.14+1.45 18.1£0.76
3. G12778 86 7.13+£0.29 11.1 £0.79 3694087 24.1+2.33
4. G753 86 544+£0.19 6.02+£0.12 358=+1.55 18.1£1.81
5. G9975 85 6.49+0.58 8.74+1.00 263+1.22 18.9+2.49
6. NB585 85 6.54+0.24 837+£023 339+1.71 17.5£0.21
7. LRK31 85 7.15+£059 114 £0.71 2644181 18.8+1.58
8. G3645 85 6.38+0.52 8294+0.19 409+2.69 253+2.19
9. G5285 84 6.01 £0.66 9.46+0.24 359+230 23.7+£2.29
10. G3096 84 6.23+045 827+046 33.0+0.11 18.8+1.11
11. G22415 84 6.83+0.25 103 +0.25 268+1.23 19.1+£0.78
12. G19048 83 6.44+£0.01 7994059 31.3+£3.03 19.8+£1.52
13. G19142 82 573£0.06 8594100 31.7+2.88 189+1.75
14. G21242 82 6.85+0.51 9984059 303+1.47 18.4+0.98
15. Ica Pijao 76 590+£0.69 7.76+0.99 37.0+2.66 21.1+£2.08
16. G11708 76 6.56+0.23 113 +£0.39 27.94+0.39 20.9+£0.79
17. G11350 76 6.81+£0.88 6.99+0.67 30.1+1.14 17.9+0.12
18. DR Kidney 76 730+£0.27 9.78+0.85 27.6+1.33 17.7+£1.24
19. G169 75 6.36+0.72 8.84+052 382+1.14 29.4+091
20. G2606 75 6.94+045 7.60+028 350+1.71 194+1.71
21. G7843 75 736+£0.27 7.50+030 34.84+0.87 19.8+1.92
22. Gl16130 74 6.00£0.30 9.69+0.13 26.7+1.50 19.34+0.30
23. G10060 69 7.33+£0.03 7954058 25.14+1.08 16.4+0.90
24. BAT93 69 559+£0.25 848+046 34940.18 244+1.32
25. A686 67 6.39+0.16 11.5 £0.60 33.4+3.24 24.1+£0.67
26. G87 66 6.63+0.46 9454031 4254+0.70 25.7+2.66
27. Saginaw 65 6.94+0.30 104 +042 395+2.80 224 +2.67
28. G1934 63 6.48£0.32 6.73+036 34.3+0.83 18.4+0.01
29. G11656A 59 6.49+0.28 7.75+0.09 31.0+0.47 14.7+0.71
30. G5034 59 6.19+0.15 7.80+046 2354281 154+091
31. G18249 59 717071 8.17+£0.64 403126 23.2+0.72
32. Sanilac 58 727073 932+£045 365+3.75 20.7£1.55
33. G734 55 6.80+0.13 7.70+£0.30 40.54+2.37 21.5+1.28
34. G3971 50 6.56+0.29 6424038 384+1.11 183+£1.16
35. G11229 43 627045 7.124+036 31.8+1.74 169+1.54
Tukey’s HSDO0.05 1.45 .77 6.20 4.98

young parts, when averaged for all genotypes. Despite
the substantial variation in ZE between genotypes, Zn
concentrations of genotypes did not show a corres-
ponding variation when grown without adequate Zn
supply. Zn-efficient and Zn-inefficient genotypes had
similar Zn concentrations (Table 2). Consequently, Zn

concentrations of old and young parts did not correlate
with ZE of the genotypes (Figure 2A-D).

In contrast to Zn concentrations, total Zn content
in young parts of the shoot was closely related to
ZE (Table 3; Figure 2E-F). For example, under —Zn
conditions, the most Zn-efficient and Zn-inefficient
genotypes did not exhibit statistically significant dif-
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Figure 2. Correlations between % Zn efficiency (ZE) and Zn content or concentration in old parts, young parts or whole shoot of 35 bean
genotypes grown for 45 d in Zn-deficient soil with (+Zn= 5 pug Zn g_l soil) and without (—Zn= 0) Zn supplied. For more details, see
methods section. *, **, and *** are statistically significant at P < 0.05, P < 0.01, and P < 0.001 levels, respectively, as determined using
simple linear regression (solid line is the calculated linear regression line); r2 = linear regression coefficient squared.
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Table 3. The total amount of Zn (Zn content) per young parts, old parts and whole shoot of 35 bean genotypes grown for
45 d in Zn-deficient soil with (+Zn=5 pgZn g_l soil) and without (—Zn= 0) Zn supplied. Data are presented as means

+ S.E., n = 4 replicates. All genotypes are ranked according to their whole-shoot ZE

Genotype —Zn +Zn
Young part  Old part Whole shoot  Young part Old part ‘Whole shoot
ZE% ngZn plant_1
1. G4449 102 4.12+£0.59 737+041 11.5 £093 25.0£1.22 125 £2.08 37.5+2.86
2. G11360 92 333+042 558+0.05 891+040 26.8+4.18 11.8 +£1.28 38.6£5.46
3. GI2778 86 4.16 £0.51 6.66+0.24 10.8 £0.28 323+£3.83 12.0 £1.07 44.4+2.87
4. G753 86 1.424+0.26 391+0.18 5334+029 213+£582 849+1.35 29.8+6.76
5. G9975 85 3.824+0.27 7.46+0.87 113 £1.11 29.7+442 10.6 £1.92 40.3+£5.39
6. NB585 85 280+0.14 504+£0.19 784+0.12 292+250 6.07+£0.54 353 +£3.02
7. LRK31 85 4.05+0.21 8.68+0.34 12.7 £0.85 242+1.81 123 £1.26 36.5+4.99
8. G3645 85 1.97+£0.48 4504+026 6464+0.62 23.1+£599 11.2 £1.67 343 +£7.47
9. (5285 84 294 +0.06 6.64+040 958+0.37 28.1+£236 152 £2.40 43.2+1.09
10. G3096 84 253+0.09 5.69+042 823+034 27.1+£223 9.19+£0.51 36.3+1.87
11. G22415 84 3354+040 8.65+1.01 120 £1.26 243+450 134 £2.16 37.7+6.68
12. G19048 83 328+0.10 5.18+0.16 845+£0.06 24.1+£1.26 124 +0.95 364 +2.19
13. G19142 82 143 +£038 436+042 580£0.72 16.6£3.77 7.49+1.27 24.1+4.30
14. G21242 82 3.63+096 6.77+0.27 104 £1.20 273+4.61 103 £0.55 37.7+5.13
15. Ica Pijao 76 1.76 £0.47 4.69+0.13 645+044 251+£1.18 9.29+1.06 36.9£4.12
16. G11708 76 3.72+£045 8.44+0.77 122 £122 293+036 144 +0.57 43.7+£0.86
17. G11350 76 2.68£0.40 421+020 6.88+0.33 263+£2.05 7.88+£1.75 342+243
18. DR Kid. 76 280+0.64 657+0.73 937+031 25.1+1.18 8.78+1.34 33.9+1.84
19. G169 75 2775+0.19 557+044 8324058 345+3.37 149 £0.27 49.5+£3.35
20. G2606 75 2284+048 431+042 7.01+£0.65 37.3+£232 7.26+1.37 38.9+3.31
21. G7843 75 0.98+0.20 439+040 537+055 205+£1.85 7.42+0.56 27.9+1.32
22. G16130 74 3.19+£0.13 6.85+£0.23 100 £0.12 285+£4.78 11.7 +£1.29 402+594
23. G10060 69 1924048 588+054 7.79+1.01 23.1+£343 8.76+£0.76 31.9+£3.99
24. BAT93 69 146 £0.35 3.744+049 5214+026 23.1+£133 8.76+0.80 31.9+1.79
25. A686 67 241+029 5.13+068 7.54+093 26.1+£3.59 11.0 £0.48 37.1£3.95
26. G87 66 2284+0.48 456+035 6.84+0.25 345+£3.37 9.33+£0.77 46.7£3.08
27. Saginaw 65 2214+0.07 389+041 6.104£045 30.7+£5.13 6.52+£0.94 37.2+£5.94
28. G1934 63 1.57+0.14 397+034 554+045 21.4+£582 838£0.79 385+593
29. G11656 59 1.854+0.55 328 +0.11 5.134+059 273+£3.20 4.56+£0.35 31.9+3.24
30. G5034 59 1.824+0.28 5.71+£0.44 7.534+049 25.6+£4.09 10.0 £0.81 35.6+£4.76
31. G18249 59 1.52£041 486+0.62 638+£096 344+£6.75 122 £0.88 46.5+7.61
32. Sanilac 58 1.67£0.21 3.124+0.09 4.79+£0.27 249£2.05 588+0.43 30.9+223
33. G734 55 1.494+0.07 4.104+£0.28 5584+0.29 37.7+£3.67 9.50+£0.95 47.2+4.60
34. G3971 50 0.34£0.07 276 £0.17 3.10£0.23 24.1+£1.69 642+0.66 30.5+1.74
35. Gl11229 43 043 £0.18 2.97+0.57 340+£0.76 253+£271 5.704+0.44 30.9+£2.83
Tukey’s HSDg o5 1.25 1.47 2.12 12.5 3.84 13.8

ferences in their Zn concentrations in the young plant
parts, but with regard to Zn content, the most Zn ef-
ficient line had 10-fold higher Zn content (Table 3).
Accordingly, when ZE was calculated based solely on
biomass of the young portion of the shoot, ZE varied
from 9 to 90% (Figure 2).

The very close relationship between ZE and the Zn
content of young parts of the shoot may indicate more
efficient translocation of Zn into young parts of these
genotypes. To assess the capacity of bean genotypes
for Zn translocation into young tissues, the proportion
of Zn in young and old parts was calculated by using
the Zn content values shown in Table 3. Zn distribu-
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Table 4. Percent distribution of Zn between young and old parts of shoots of 35 bean genotypes
grown for 45 d in Zn-deficient soil with (+Zn= 5 ug Zn g_1 soil) and without (—Zn= 0) Zn
supplied. Zinc distribution was calculated by dividing the total amount of Zn in young or old parts
by the total amount of Zn in whole shoot. All genotypes are ranked according to their whole-shoot

ZE
—Zn +Zn
Genotype Young parts  Old parts ~ Young parts  Old parts
ZE% %
1. G4449 102 36 64 67 33
2. G11360 92 37 63 69 31
3. GI12778 86 39 61 73 27
4. G753 86 27 73 71 29
5. G9975 85 34 66 74 26
6. NBS5S85 85 36 64 83 17
7. LRK3l1 85 32 68 66 34
8.  G3645 85 30 70 67 33
9. G5285 84 31 69 65 35
10.  G3096 84 31 69 75 25
11.  G22415 84 28 72 64 36
12. G19048 83 39 61 66 34
13.  G19142 82 25 75 69 31
4. G21242 82 35 65 72 28
15.  Ica Pijao 76 27 73 68 25
16.  G11708 76 30 69 67 33
17.  G11350 76 39 61 77 23
18. DR Kid. 76 30 70 74 26
19. G169 75 33 67 70 30
20.  G2606 75 33 61 96 19
21.  G7843 75 18 82 73 27
22.  G16130 74 32 69 71 29
23.  G10060 69 25 75 72 27
24.  BAT93 69 28 72 72 27
25.  A686 67 32 68 70 30
26.  G87 66 33 67 74 20
27.  Saginaw 65 36 64 83 18
28.  G1934 63 28 72 56 22
29.  G11656 59 36 64 86 14
30.  G5034 59 24 76 72 28
31.  GI18249 59 24 76 74 26
32.  Sanilac 58 35 65 81 19
33. G734 55 27 73 80 20
34, G3971 50 11 89 79 21
35.  GI11229 43 13 87 82 18
Tukey’s HSDg o5 11.7 12.0 13.9 8.86

tion was calculated by dividing the total Zn content
in young or old parts by the total Zn content of the
whole shoot (Table 4). Under Zn-deficient conditions,
Zn distribution varied between 11 and 39% with a
mean value of 30% for young parts and between 61

and 89% with a mean value of 70% for old parts. In
the case of Zn-sufficient plants, the proportions of Zn
distributed between old and young parts were reversed
compared to Zn-deficient plants. When compared to
Zn-inefficient genotypes (i.e., G11229, G3971), Zn
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Table 5. Average seed dry matter mass, seed Zn concentration and seed Zn content
of bean genotypes used in the present study. Data are presented as means + SE,
n = 4 replicates. All genotypes are ranked according to their whole-shoot ZE

Genotype Average seed  Seed Zn Seed Zn
mass concentration content

ZE% (gseed™!)  (ugg™h) (ng seed™!)
1. G4449 102 0.364 50.39 £2.44 18.34 £ 0.89
2. G11360 92 0.360 25.85 £0.61 9.31 £0.22
3. GI2778 86 0.316 37.97 £4.52 12.00 £ 1.43
4. G753 86 0.198 28.44 £1.07 5.63 £0.21
5. G9975 85 0.404 28.41 £0.84 11.48 £0.34
6. NBS585 85 0.222 39.14 +4.61 8.69 = 1.02
7. LRK31 85 0.375 40.11 £1.20 15.04 £0.45
8. G3645 85 0.222 41.46 +2.20 9.20 £0.49
9. (5285 84 0.271 44.81 £2.49 12.14 £ 0.68
10.  G3096 84 0.259 2891 £2.11 7.49 £0.55
11.  G22415 84 0.400 31.71 £ 1.40 12.69 £ 0.56
12.  G19048 83 0.333 25.76 £1.24 8.58 £0.41
13.  G19142 82 0.182 43.71 £ 1.69 7.96 £0.31
14.  G21242 82 0.366 36.83 £0.58 13.48 £0.21
15.  Ica Pijao 76 0.191 41.85+£4.43 7.99 £0.85
16.  G11708 76 0.497 23.85£1.28 11.85 £ 0.64
17.  G11350 76 0.202 40.66 £ 0.63 8.21 £0.13
18. DR Kidney 76 0.322 34.90 £ 1.94 11.24 £0.62
19. G169 75 0.197 48.12 £0.43 9.48 £ 0.08
20.  G2606 75 0.189 45.62 +1.02 8.62+0.19
21.  G7843 75 0.194 3326 £ 1.34 6.45 £0.26
22.  G16130 74 0.459 24.24 £0.62 11.12 £ 0.28
23.  G10060 69 0.372 31.89+1.33 11.86 £0.49
24.  BAT93 69 0.171 31.81+0.33 5.44 £0.06
25.  A686 67 0.210 47.15 £0.67 9.90 £0.14
26. G87 66 0.193 41.83 £0.12 8.07 £0.02
27.  Saginaw 65 0.112 56.54 £2.14 6.33 £0.24
28.  G1934 63 0.165 29.58 £1.11 488 £1.18
29.  Gl11656A 59 0.182 43.31 £2.50 7.88 £0.45
30.  G5034 59 0.371 23.98 £1.03 8.89 +0.38
31. G18249 59 0.218 28.35 £2.25 6.18 £0.49
32.  Sanilac 58 0.118 4739 £ 1.11 5.59+0.13
33. G734 55 0.184 41.21 +£0.94 7.58 £0.17
34.  G3971 50 0.131 30.13 £ 1.15 3.95+0.15
35.  G11229 43 0.147 25.96 £0.76 3.82+0.11
Mean 026 £0.02  36.43 +1.47 8.78 £ 0.58

efficient genotypes (i.e., G4449, G11360, G12778)
were generally able to distribute a greater portion of
the total shoot-Zn to young parts under Zn-deficient
conditions (Table 4). Thus, Zn efficiency values were
positively and significantly correlated with the propor-
tion of Zn in young parts, but not in old parts of the
shoot (Figure 3).

Seed size, seed-Zn concentration and Zn content

The relationship of Zn efficiency with seed-Zn con-
centration and Zn content is shown in Table 5 and Fig-
ure 4. Results were analyzed by analysis of variance
using seed-Zn as a covariate (ANCOVA) to elimin-
ate experimental error due to differences in seed-Zn
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Figure 3. Correlation between % whole shoot-Zn efficiency (ZE) and the ratios of the total amount of Zn (Zn content) per young (A) or old
(B) parts to the total Zn amount per whole shoot of 35 bean genotypes grown for 45 d in Zn-deficient soil with (+Zn= 5 pg Zn g_1 soil)

and without (—Zn= 0) Zn supplied. *, **, and *** are statistically significant at P < 0.05, P < 0.01, and P < 0.001 levels, respectively, as
determined using simple linear regression (solid line is the calculated linear regression line); r2 = linear regression coefficient squared.
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soil) and without (—Zn= 0) Zn supplied. Solid line represents the
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simple linear regression (solid line is the calculated linear regression line); 2 = linear regression coefficient squared.

content. While seed-Zn concentration was not sig-
nificantly correlated with ZE values, the correlation
between seed-Zn content and ZE was moderately sig-
nificant (P < 0.05; RZ = 0.38). When the ZE
values were adjusted to reduce the potential exper-
imental error due to variation in seed Zn content
(Figure 1), no change was observed in the Zn effi-
ciency rankings presented in Table 1. Therefore, the
variation in seed Zn content observed in the differ-
ent bean genotypes had no confounding effect on
our determination of ZE for these same genotypes.
Genotypes greatly differed in seed mass and seed-Zn
concentrations (Table 5). Only a few Zn efficient geno-
types had greater seed size and seed-Zn concentrations
compared to Zn-inefficient genotypes (Table 5). The

genotypes having the highest (i.e. G11708, G16130)
and lowest seed mass (i.e. Saginaw) and seed-Zn con-
centrations showed an intermediate tolerance to Zn
deficiency. When all genotypes were considered, the
relationship between seed-Zn concentration and whole
shoot ZE was almost nil. There was a weak but not
significant relationship between seed mass and the Zn
efficiency trait (Figure 4).

Discussion

The present study showed a substantial genotypic
variation in tolerance to Zn deficiency between 35
common bean genotypes (Table 1; Figure 1). Toler-



ance to Zn deficiency (relative growth) was based on
the calculated ZE with considerations for the growth
of whole shoot, as well as young and old parts of
the shoot. The whole shoot dry weight-based ZE has
been an extensively used parameter for assessing gen-
otypic variation in tolerance to Zn deficiency (Rengel
and Graham, 1995a; Cakmak et al., 1997; Khan
et al., 1998; Torun et al., 2000; Rengel and Rombheld,
2000) and also similar calculations have been used
for assessing other nutrient deficiencies (Fageria and
Baligar, 1999; Gourley et al., 1994). Besides whole
shoot dry weight, we also examined young part- and
old part-based dry weights to estimate genotypic vari-
ation in Zn efficiency. Before the development of the
first trifoliate leaves there was no indication of visual
Zn deficiency symptoms in —Zn plants indicating that
growth of plants under —Zn treatment relied mostly on
seed-Zn stores until the formation of primary leaves
(old parts). Therefore, the old part-based ZE was not
a suitable parameter to use in separating genotypes as
to their tolerance to Zn deficiency (Figure 3). Interest-
ingly, with the exception of one genotype, old parts of
Zn-deficient plants had higher dry matter production
than the plants supplied adequately with Zn (Table 1).
Young part-based ZE showed a higher correlation in
differentiating all bean genotypes for their tolerance
to Zn deficiency compared to old part-based ZE.

To our knowledge, this is the first report of using
old and young part-based ZE calculations for estim-
ating genotypic variation in Zn efficiency. To some
extent, this approach eliminates the contribution of
seed-Zn to the growth of trifoliate leaves under Zn-
deficient conditions. Therefore, young part-based ZE
ratios appear to be a more reliable parameter for
screening ZE compared to ZE calculations based on
whole shoot data.

There was no correlation between the calculated
ZE and Zn concentrations of plants (Figure 2). The
magnitude of the genotypic variation in tissue-Zn con-
centrations was much smaller than the variation in
ZE values (Table 2; Figure 2). However, the total
amount of Zn per plant part (Zn content) was found to
be closely correlated with ZE values based on whole
shoot dry weight and young part dry weight (Fig-
ure 2). These results suggest that the Zn concentration
of plants is not a reliable parameter in distinguishing
bean genotypes for their tolerance to Zn deficiency.
The total amount of Zn in young parts of plants seems
to be highly useful in ranking genotypes for their ZE
(Figure 2). These results are in agreement with those
obtained for wheat (Rengel and Graham, 1995b; Cak-
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mak et al., 1997; Torun et al., 2000; Hacisalihoglu
et al., 2001).

The close correlation between ZE and total amount
of Zn in young parts of plants leads us to the sugges-
tion that Zn-efficient genotypes are able to translocate
more Zn from roots and/or older leaves into shoot mer-
istematic tissues. Zinc can be readily translocated from
older into younger tissues via the phloem even from
non-senescent old leaves, as reported for wheat (Pear-
son and Rengel, 1994; Erenoglu et al., 2002). The
results in Table 4 generally indicate that Zn-efficient
genotypes have a higher capacity to translocate Zn
into young shoot parts than the Zn-inefficient geno-
types. For example, the two most Zn-efficient gen-
otypes had three-fold greater capacity to translocate
Zn into young parts than the two most Zn-inefficient
genotypes (Table 4). In studies with 164 wheat gen-
otypes, Torun et al. (2000) assumed that Zn-efficient
genotypes re-translocate greater amounts of Zn from
older leaves into shoot meristematic tissues allowing
better growth and dry matter production under Zn-
deficient conditions. However, recently Erenoglu et al.
(2002) reported that Zn-efficient and Zn-inefficient
wheat cultivars were not different in their ability to
re-translocate or distribute foliar-applied ®Zn within
plants cultured under Zn-deficient conditions. The role
of Zn transport from roots or older leaf tissue into
shoot tips and other phloem sinks during differential
ZE trait expression in bean needs to be clarified in the
future by conducting uptake and transport experiments
using radiolabeled Zn.

As indicated above, old parts (source leaves) of
plants under Zn deficiency have greater dry weight
than those of Zn-sufficient plants (Table 1) which may
have occurred because of the accumulation of photo-
synthates in these source leaves as a result of inhibited
shoot tip growth (elongation) and/or reduced photo-
synthate export from source into sink organs via the
phloem. Previous reports show that Zn deficiency res-
ults in a massive accumulation of sucrose in primary
(source) leaves of bean, and resupply of Zn to deficient
plants for 48 h significantly reduced sucrose accu-
mulation in source leaves (Marschner and Cakmak,
1989). It is, therefore, very likely that maintenance of
sufficient Zn concentration in older tissues is import-
ant for effective export of sucrose into meristematic
tissue and other phloem sinks. One consequence of
the accumulation of photosynthates in source leaves
could be the formation of reactive Oy species in the
cells and photooxidative damage to the leaf chloro-
plasts (Cakmak, 2000). Alternatively, increases in dry
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weight of older leaves under Zn-deficient conditions
can be ascribed to the inhibition of new growth due to
decreased concentration of phytohormones (Cakmak
et al., 1989).

The seeds used in this study were collected from
several different sites in the world including North
and South America. Seed-Zn concentrations within
those genotypes (35 common bean genotypes) stud-
ied ranged form 24 to 57 ug g~! with a mean of
36 ug g~ ! (Table 4). Interestingly, in a study with
1072 common bean accessions from CIAT’s core col-
lection, a very similar range was reported, i.e., a range
between 21 and 55 ;1g g~ ! with a mean of 34 ug g~!
(Islam et al., 2002). Seed-Zn content has been implic-
ated in influencing plant Zn efficiency by its potential
contribution to early seedling vegetative growth under
low-Zn conditions (Genc et al., 2000). Zn efficiency
values exhibited a moderately significant correlation
with seed-Zn content (RZ = 0.38; Figure 4). How-
ever, there was still a significant variation among bean
genotypes after the seed-Zn effect was accounted for,
and the rankings for Zn efficient and Zn inefficient
bean genotypes was unchanged after the contribution
of variation of seed Zn content to ZE was calculated
via analysis of covariance (Figure 2). Therefore, our
results suggest that for the bean genotypes tested, gen-
otypic variation in tolerance to Zn deficiency is likely
an inherited trait and not related to seed size or seed-
Zn content. This is consistent with previous findings,
which reported that ZE was not completely associ-
ated with Zn concentration or Zn content of the seeds
in wheat (Cakmak et al., 1996; Torun et al., 2000),
chickpea (Khan et al., 1998), and in Medicago species
(Streeter et al., 2001).

Based on analysis of 35 bean genotypes, we con-
clude that there is substantial variation in tolerance to
Zn deficiency within common bean. The results also
showed a well-defined relationship between shoot dry
matter and the Zn efficiency trait. In the present work,
ZE calculations based on the mass of young parts and
young part Zn content for shoots seem to be suitable
parameters for assessment of ZE. Possibly, Zn retrans-
location into young shoot parts from older tissues is
linked to Zn efficiency. Further genetic and molecular
physiological studies are needed to identify the gene(s)
and those mechanisms controlling expression of high
Zn efficiency in the common bean.
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